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Datums
Horizontal coordinate information is referenced to the North American Datum of 1927 (NAD 27).
Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29).
Elevation, as used in this report, refers to distance above the vertical datum.
Land-Net Numbering System for Wells in the Vidal, Chemehuevi, and Mohave Mesa Study Areas
The land-net numbering system for wells in the Vidal, Chemehuevi, and Mohave Mesa study areas is based on the cadastral land-survey system of the U.S. Government. The number, in addition to designating the site, describes its position in the land net. The land-survey system divides a section of land within a township into four quadrants or quarter sections that are designated in counterclockwise order by the uppercase letters NE, NW, SW, and SE, which indicate, respectively, the northeast, northwest, southwest, and southeast quadrants. Each quadrant is further subdivided into quarter-quarter and quarter-quarter-quarter sections, equivalent to a 10-acre tract, using the same designation. Numbers that designate the section, township, and range, in that order, follow the third-level quadrant designation. Thus, a well in the Vidal area with a land-net designation of SWSENES29 T01S R24E identifies its location in the SW ¼ of the SE ¼ of the NE ¼ of Section 29, Township 1 South, Range 24 East. 
SE
SW the flood plain of the Colorado River are presumed to yield water that will be replaced by water from the Colorado River. Wells that have a static water-level elevation equal to or below the elevation of the accounting surface are presumed to yield water that will be replaced by water from the Colorado River. Geographic Information System (GIS) interpolation tools were used to produce maps of areas where water levels are above, below, and near (within ± 0.84 foot) the accounting surface.
Calculated water-level elevations and interpolated accounting-surface elevations were determined for 33 wells in the vicinity of Vidal, 16 wells in the Chemehuevi area, and 35 wells on Mohave Mesa. Water-level measurements generally were taken in the last 10 years with steel and electrical tapes accurate to within hundredths of a foot. A Differential Global Positioning System (DGPS) was used to determine land-surface elevations to within an operational accuracy of ± 0.43 foot, resulting in calculated water-level elevations having a 95-percent confidence interval of ± 0.84 foot.
In the Vidal area, differences in elevation between the accounting surface and measured water levels range from -2.7 feet below to as much as 17.6 feet above the accounting surface. Relative differences between the elevation of the water level and the elevation of the accounting surface decrease from west to east and from north to south. In the Chemehuevi area, differences in elevation range from -3.7 feet below to as much as 8.7 feet above the accounting surface, which is established at 449.6 feet in the vicinity of Lake Havasu. In all of the Mohave Mesa area, the water-level elevation is near or below the elevation of the accounting surface. Differences in elevation between water levels and the accounting surface range from -0.2 to -11.3 feet, with most values exceeding -7.0 feet.
In general, the ArcGIS Triangulated Irregular Network (TIN) Contour and Natural Neighbor tools reasonably represent areas where the elevation of water levels in wells is above, below, and near (within ± 0.84 foot) the elevation of the accounting surface in the Vidal and Chemehuevi study areas and accurately delineate areas around outlying wells and where anomalies exist. The TIN Contour tool provides a strict linear interpolation while the Natural Neighbor tool provides a smoothed interpolation. Using the default options in ArcGIS, the Inverse Distance Weighted (IDW) and Spline tools also reasonably represent areas above, below, and near the accounting surface in the Vidal and Chemehuevi areas. However, spatial extent of and boundaries between areas above, below, and near the accounting surface vary among the GIS methods, which results largely from the fundamentally different mathematical approaches used by these tools. The limited number and spatial distribution of wells in comparison to the size of the areas, and the locations and relative differences in elevation between water levels and the accounting surface of wells with anomalous water levels also influence the contouring by each of these methods. Qualitatively, the Natural Neighbor tool appears to provide the best representation of the difference between water-level and accounting-surface elevations in the study areas, on the basis of available well data.
Introduction
A cooperative effort by the Bureau of Reclamation (Reclamation) and the U.S. Geological Survey (USGS) has been under way since the early 1990s to inventory all wells located within the river aquifer along the lower Colorado River from the area surrounding Lake Mead to the Mexican border. Information obtained from the well inventory will be used by Reclamation to determine if wells located within the river aquifer outside of the flood plain are pumping water that will be replaced by water from the Colorado River. Initial attempts to identify these wells by using well inventory and water-level data have encountered several problems, including substantial water-level differences in adjacent wells, long time spans between water-level measurements, and the precision with which water levels and elevations are measured. In addition, the data often include a range of natural and anthropogenicinduced variations that must be considered when determining static water levels under current hydrologic conditions.
Accounting for use of water from the Colorado River is decreed by the Consolidated Decree of the United States Supreme Court in Arizona v. California (United States Supreme Court, 2006) . Water pumped from wells located within the flood plain of the river is presumed to be river water and is accounted for as Colorado River water. Water pumped from wells outside the flood plain of the river but still within the bounds of the river aquifer, however, may or may not be accounted for as Colorado River water. A method for identifying which wells outside the flood plain of the river will yield water that will be replaced by water from the Colorado River by determining the relation between the elevation of the static water level in wells and the elevation of the accounting surface is documented in Wilson and Owen-Joyce (1994) and Owen-Joyce and others (2000) . Wells that have a static water-level elevation equal to or below the elevation of the accounting surface at the location of the well are presumed to yield water that will be replaced by water from the Colorado River. Wells that have a static water-level elevation above the elevation of the accounting surface are presumed to yield water that will be replaced by water from precipitation and inflow from tributary valleys.
Purpose and Scope
This report describes the application of selected Geographic Information System (GIS) methods to determine differences between water-level and accounting-surface elevations and to identify areas that yield water that will be replaced by water from the Colorado River. The report (1) evaluates the well-inventory data set in three test basins along the lower Colorado River, (2) compares water-level elevations in selected wells with the elevation of the accounting surface in these areas, and (3) examines selected interpolation tools that can be used to identify areas that yield water that will be replaced by water from the Colorado River. Data from wells in the Vidal, California; Chemehuevi Indian Reservation, California; and Mohave Mesa, Arizona areas are stored in the USGS National Water Information System (NWIS) database.
Description of Study Areas
Three areas along the lower Colorado River downstream from Davis Dam were selected to determine the relation between static water levels in wells and the accounting surface: the area in the vicinity of Vidal, California; the area that includes the Chemehuevi Indian Reservation (herein termed Chemehuevi), California; and the area in the vicinity of Bullhead City, Arizona, and to the south on Mohave Mesa ( fig. 1 ). These areas were selected on the basis of having a sufficient number of wells for analysis, had static water levels that had been measured within the last 10 years, and had landsurface elevations that had been determined by a Differential Global Positioning System (DGPS). 
Chemehuevi, California
The Chemehuevi study area is located along the western side of the Colorado River (Lake Havasu), in San Bernardino County, California, and across the river from Lake Havasu City, Arizona ( fig. 1 ). The area lies roughly between lat 34°25' and 34°37' and long 114°17' and 114°29' and includes about 50 mi 2 of the river aquifer. Elevation ranges from about 450 ft along the river to about 625 ft in the northern part of the area. Land that is developed in the area primarily is for residential use. The area is sparsely populated and most water use is for domestic purposes. Reported well yields in the Chemehuevi area range from 15 to 550 gal/min, and depth to water below land surface ranges from about 3 ft along the Colorado River to 180 ft in higher-elevation areas west of the river (U.S. Geological Survey, unpub. data, 2006) . No perennial surface streams cross the study area, but Chemehuevi Wash forms the southern boundary of the area. Precipitation in the vicinity of Chemehuevi averages 2.9 in/yr and mean temperature is 24.7°C, calculated on the basis of monthly normals for 1971-2000 at Lake Havasu City, Arizona (Western Regional Climate Center, 2007) .
Mohave Mesa, Arizona
The Mohave Mesa study area is located along the eastern side of the Colorado River, in Mohave County, Arizona, south of Bullhead City ( fig. 1 ). The area lies roughly between lat 34°55' and 35°13' and long 114°25' and 114°44' and includes about 111 mi 2 . Elevation ranges from about 1,225 ft northeast of Bullhead City to 530 ft in the southern part of the area, near the river. Land use primarily consists of residential areas among undeveloped areas. The area is sparsely populated and most water use is for domestic purposes. Reported well yields in the Mohave Mesa area range from 12.5 to 650 gal/min, and depth to water below land surface ranges from about 71 ft near the Colorado River to 731 ft in the northeastern part of the area, near Bullhead City (U.S. Geological Survey, unpub. data, 2006) . No perennial surface streams cross the study area. Precipitation in the vicinity of Mohave Mesa averages 6.6 in/yr and mean temperature is 23.4°C, calculated on the basis of monthly normals for 1971-2000 at Bullhead City, Arizona (Western Regional Climate Center, 2007) .
The Colorado River Aquifer and Accounting Surface
The Colorado River aquifer consists of permeable, partly saturated sediments and sedimentary rocks that are hydrologically connected to the Colorado River ( fig. 2) . These sediments consist of unconsolidated to semi-consolidated sands, silts, gravels, and clays that interfinger with similar materials that make up the adjacent alluvial slopes. These materials have highly variable transmissivity values and serve as the principal aquifer in this region. In the Vidal, Chemehuevi, and Mohave Mesa study areas, the river aquifer generally includes younger and older alluviums of Miocene to Holocene age; Pliocene-age sediments of the Bouse Formation; and a Miocene-to Pliocene-age fanglomerate unit (Metzger and others, 1973; Wilson and Owen-Joyce, 1994) (fig. 1 ). The river aquifer is bounded by relatively impermeable bedrock along the bottom and margins of the basins that underlie the valley of the Colorado River ( fig. 2 ). Total thickness of the river aquifer is as much as 5,000 ft in some areas.
Water levels in the Colorado River aquifer respond to changes in elevation of the Colorado River, withdrawals from the aquifer, and runoff from precipitation that infiltrates downward to the aquifer from the river channel, tributary washes, canals, and reservoirs. Nearly all of the water in the river aquifer is derived from the Colorado River. The accounting surface represents the elevation and slope of the unconfined static water table in the river aquifer outside the flood plain of the Colorado River that would exist assuming the only source of water to the aquifer is the Colorado River. This surface was generated by using profiles of the Colorado River or the water-surface elevation of agricultural drains near the outer edge of the flood plain where available, or in the case of reservoirs, the annual high water-surface elevation used by Reclamation to operate reservoirs under normal flow conditions. Water-surface profiles were computed for the highest median monthly projected discharge in the river for 1992-2001 and were determined by using hydraulic routing and step-backwater methods (Bureau of Reclamation, 1989a , 1989b . The accounting surface extends outward from the edge of the flood plain to the subsurface boundary of the river aquifer along the margins of the basins ( fig. 2) . Accounting-surface contours generally are perpendicular to the Colorado River and increase in elevation from south to north. Contour intervals are variable along the lower Colorado River; accounting-surface contours are established at 4-ft intervals in the Vidal area and 2-ft intervals in the Mohave Mesa area. Because the Colorado River has been impounded to form Lake Havasu in the Chemehuevi area, the accounting surface is presumed to be essentially level and thus is represented by a single elevation value. 
EXPLANATION
Well-The symbol "R" denotes a well that has a static water-level elevation equal to or below the accounting surface and is presumed to yield water that will be replaced by water from the river. The symbol "T" denotes a well that has a static water-level elevation above the accounting surface and is presumed to yield water that will be replaced by water from precipitation and inflow from tributary valleys.
Modified from Wilson and Owen-Joyce (1994) River aquifer 
Methods
Measured depths to water in feet below land surface were subtracted from land-surface elevations to determine waterlevel elevations for selected wells in the Vidal, Chemehuevi, and Mohave Mesa study areas. These water-level elevations were then compared with the elevation of the accounting surface at each of the wells. On the basis of relations between the water-level and accounting-surface elevations, ArcGIS Triangulated Irregular Network (TIN) Contour, Natural Neighbor, Inverse Distance Weighted (IDW), and Spline interpolation tools were used to delineate areas where waterlevel elevations are presumed to be above, below, and near (within ± 0.84 ft) the elevation of the accounting surface in the study areas.
Water Levels and Land-Surface Elevations
Data for inventoried wells in the study areas were obtained from the USGS (Arizona Water Science Center) NWIS database. Information that was obtained included elevation of the land surface at the well, depth to water below land surface, pumping status of the well at the time of measurement, date of measurement, and elevation and waterlevel measurement methods and accuracies. These data were used to determine water-level elevations that could then be compared with one another to evaluate anomalies. Historical examinations of water levels for selected wells also were done to evaluate variability in water levels over time in comparison to water levels measured during the study period and used for analysis.
Land-surface elevations for wells stored in the NWIS database were determined by several different methods. For this project, only those wells for which the land-surface elevation was determined by DGPS were used. The DGPS unit used to determine the land-surface elevation at each of the wells has a manufacturers' reported accuracy of ± 0.10 ft. This accuracy results in a 95-percent confidence interval of about ± 0.20 ft. In practice, the accuracy of the DGPS unit was determined to be ± 0.43 ft (Sandra Owen-Joyce, U.S. Geological Survey, written commun., 2006), resulting in a 95-percent confidence interval of ± 0.84 ft with respect to land-surface elevation. Thus, with 95-percent confidence, wells with a difference between the water-level elevation and accounting-surface elevation of greater than ± 0.84 ft have water levels that are either above or below the accounting surface, and wells with a difference of less than ± 0.84 ft have water levels that may be either above or below (cannot be distinguished from) the accounting surface.
Geographic Information System Methods
Interpolation tools available within the ArcGIS 3D and Spatial Analyst tool box include TIN Contour, Natural Neighbor, IDW, and Spline (Environmental Systems Research Institute, 2007a and b) . These tools commonly are used to determine values of points at locations where no data are available by mathematically interpolating between points with known values. All of the tools are designed to work best where data sets are sufficiently large (dense) and where data are evenly distributed. Limited and irregularly distributed data sets may substantially affect the usefulness of the tools to be able to generate accurate interpolations.
TIN Contour is a linear interpolation tool that represents a surface as a network of triangles (Environmental Systems Research Institute, 2007a) . A TIN can be constructed by triangulating a set of vertices with x, y, and z values. The vertices are connected with a series of edges to form a network of triangles, where each triangle is treated as a plane. The edges of a TIN form contiguous, nonoverlapping triangular facets. The resulting triangulation ensures that no vertex lies within the interior of any of the triangles in the network. Contours are generated directly from the TIN within its zone of interpolation. Portions of individual contours generated by the tool within a triangle are straight. Any change in direction occurs only when a contour passes from one triangle into another. As a result, the resulting contours are not smooth. This type of contouring produces an exact linear interpretation of the surface, which may not be realistic.
Natural Neighbor is an exact triangulation interpolation tool for multivariate datasets. The value for an interpolation point is estimated by using weighted values of the closest surrounding points in a triangulation rather than distances between points (Sibson, 1981) . These points, termed the natural neighbors, are connected to the interpolation point when inserted into the triangulation. The Natural Neighbor tool can efficiently handle large numbers of input points and works equally well with regularly and irregularly distributed data sets (Watson, 1992) . The Natural Neighbor tool has been shown to consistently outperform other techniques both quantitatively and qualitatively when applied to generating surfaces (Owen, 1993; Abramov and McEwen, no date, accessed November 2007) . No weighting or power options are available for the Natural Neighbor tool within ArcGIS.
The Natural Neighbor tool also was used to calculate the elevation of the accounting surface at each well location by using the principal contours established by Reclamation. Assuming a linear relation between the established accounting-surface contours, 10-meter grid cells were used to generate values of the elevation of the accounting surface between the principal contours and at each well location. The elevation of the accounting surface could then be compared with the water-level elevation at that location.
Inverse Distance Weighted is a method of interpolation that estimates cell values by averaging (weighting) the values of sample data points in the neighborhood of each cell. The weight is a function of inverse distance and is not affected by the spatial arrangement of the data. The closer a point is to the center of the cell being estimated, the more influence, or weight, it has in the averaging process; likewise, the farther a sampled point is from the cell being evaluated, the less weight it has in the calculation of the cell's value. IDW makes the assumption that values closer to the unsampled location are more representative of the value to be estimated than samples farther away (Collins, 1996) . Distance-based weighting methods have been used to interpolate climatic data (Legates and Willmont, 1990) .
The IDW tool tends to generate bull's eye patterns. In addition, all interpolated values lie within the range of the data point values and may not accurately represent valleys and peaks in the surface (de Smith, Goodchild, and Longley, 2007) . The choice of power option in the IDW tool also can substantially affect the interpolation results. As the power option is increased, the interpolated value takes on the value of the closest sample point. Thus, nearby points will have the most influence, and the surface will have more detail (be less smooth). Specifying a lower value for the power option provides more influence to surrounding points farther away. For this project, the default option (power of 2) was used to simplify and streamline the method for potential users.
The Spline tool uses a deterministic technique to represent two-dimensional curves on three-dimensional surfaces (Eckstein, 1989; Hutchinson and Gessler, 1994) . The tool uses an interpolation method that estimates values by using a mathematical function that minimizes the total curvature of the surface, resulting in a smooth surface that passes exactly through the input points. Because rapid changes in gradient or slope may occur in the vicinity of the data points (edge effects), however, this tool is not suitable for estimating curvature. Splines can be used for generating gently varying surfaces such as the elevation of the water surface and have the advantage of creating curves and contour lines that are visually appealing. Some of the disadvantages of using Spline are that no estimates of error are given and that splines may mask uncertainty present in the data (Collins, 1996) . Splines are typically used for creating contour lines from dense regularly spaced data, but may be used for interpolation of irregularly spaced data. The basic (regularized) interpolation tool within ArcGIS can be applied by assigning a weight value of 0 to 0.5 in the Spline function, with higher values of weight resulting in smoother surfaces. For this project, the default option (weight of 0.1) was used to simplify and streamline the method for potential users.
Application of Geographic Information System Methods
Data from the USGS NWIS database were imported into ArcGIS to determine the relation between water-level elevations and the elevation of the accounting surface along the lower Colorado River. The elevation of the accounting surface was compared with the elevation of water levels in selected wells to determine which wells yield water that will be replaced by water from the Colorado River. Wells in areas in which the elevation of the water level is above the elevation of the accounting surface are presumed to pump water that will be replaced by water from precipitation or tributary inflow. Wells in areas in which the elevation of the water level is below the elevation of the accounting surface are presumed to pump water that will be replaced by water from the Colorado River. Wells in areas in which the elevation of the water level is within ± 0.84 ft of the accounting surface cannot be determined with sufficient confidence to be either above or below the accounting surface. These wells may or may not pump water that will be replaced by water from the Colorado River.
Maps for each of the study areas have been produced showing the contoured relations between areas where waterlevel elevations are above, below, and near the accounting surface using TIN Contour, Natural Neighbor, IDW, and Spline interpolation tools. Contour intervals were established at -2, -0.84, 0.84, 2, 4, and 8 ft to span the range of difference between water-level and accounting-surface elevations. The boundary of the river aquifer along the edge of the Colorado River in the Vidal and Mohave Mesa study areas and Lake Havasu in the Chemehuevi study area was represented by a series of points where the elevation of the river and the elevation of the water table in the river aquifer are assumed to be equal. For contouring purposes, these points were assigned a value of zero so that the interpolation tools could define more accurately the boundaries between areas above, below, and near the accounting surface between well locations and the river.
Vidal Area

Well Selection and Water-Level Measurements
Data for 81 wells completed in the river aquifer in the Vidal area were compiled from the NWIS database, of which 17 wells did not have a measured static water level because of well obstructions, well status such as pumping, or because a measurement was not possible (landowner restriction, well had been destroyed, etc.). Water-level measurements in the remaining 64 wells were further evaluated on the basis of the date of measurement and land-surface elevation accuracy. Most of the water levels in the data set were measured during 1961-64, 1972, 1990, 1995-97, and 2000-01 . The number of measurements taken in each well ranged from 1 to 13; most wells had 5 or less measurements that were made throughout at least a 10-year period. Water levels in all wells were measured with calibrated steel or electrical tapes that are accurate to within tenths or hundredths of a foot. Water-level measurements that were reported only to within 1-ft accuracy were not used. Water-level measurements that were determined to be substantially influenced by the effects of pumping of the well or a nearby well were not used. All elevation measurement accuracies in the 1972 data set (which included 12 wells) were 10 ft, as determined from topographic map contour intervals, and none of these wells were included in the analysis. The selection process yielded 33 wells with water levels that were measured during 2000-01.
Calculated water-level elevations and interpolated accounting-surface elevations for the 33 selected wells in the Vidal area are shown in table 1; at back of report. Water levels measured from November 2000 through March 2001 were used to calculate elevations to maintain consistency in method of measurement of water levels and elevations, and minimize variations resulting from natural (climatic) and anthropogenic effects over time. Nonetheless, in some locations, such as at wells 7 and 8, water-level elevations in adjacent wells were substantially different and no apparent explanation for these discrepancies could be determined. In some areas where wells are sparse or recent water-level data are not available, older water-level data were used to help evaluate relations between the elevation surfaces. For example, water-level and accounting-surface elevation differences determined for several wells for which only 1990 measurements are available were observed to be consistent with elevation differences determined for nearby wells measured in 2000-01. Water-level variations of more than 10 ft were noted for several wells in which multiple measurements had been taken over time (table 1) . These large "apparent" water-level fluctuations, however, may be the result of measurements being made during or shortly after pumping of the well or pumping effects from nearby wells, rather than from natural variations, and thus, probably do not represent static water-level conditions.
Although not selected for use in analysis because an obstruction had prevented water levels from being measured since 1993, the water-level fluctuation in a well located at NESESES10 T01S R24E may be more representative of natural (seasonal) effects over time. Thirteen measurements made every 1 to 2 months from December 1961 through June 1963 showed a variation of only 1.59 ft between the highest and lowest values (standard deviation of 0.46 ft). Other wells with fewer measurements taken over longer time periods showed fluctuations of less than 1 ft (table 1).
Delineation of Areas
When the 95-percent confidence interval (± 0.84 ft) is taken into account, relative differences between waterlevel elevations and accounting-surface elevations for the selected wells show distinct areas where the elevation of the water level is above (higher than), below (lower than), and within the 95-percent confidence interval (within ± 0.84 ft) of the accounting surface. On the basis of the availability and distribution of wells within the river aquifer, these generalized areas were delineated between the accountingsurface elevation contours of 320 and 336 ft by using the TIN Contour, Natural Neighbor, IDW, and Spline tools (figs. 3-6).
The area where the elevation of the water level is above the elevation of the accounting surface generally lies more than 1 mi from the river and between the 324-and 332-ft elevation contours of the accounting surface. Differences in elevation range from 1.4 to 17.6 ft above the accounting surface, with a substantial increase in difference and thus, gradient toward the northwest. This area likely extends past the 332-ft contour interval to the east, but relations to areas where water-level elevations are lower than accounting-surface elevations between the 332 and 336-ft intervals are uncertain. An area where the water-level elevation also is substantially above the accounting-surface elevation (5.6 ft) appears to be localized around well 14. Although wells along the river generally have water-level elevations near or below the accounting surface, calculated elevation differences for wells with older water-level data in the vicinity of this well (not shown) also indicate that an elevated water-table surface may exist in this area.
The area where the water-level elevation is below the elevation of the accounting surface lies in the southern part of the study area where the accounting-surface elevation is lower than about 325 ft and also along the river in the eastern part of the area between the 332-and 336-ft contours. Differences in elevation range from -0.9 to -2.7 ft below the accounting surface. A small area where the water-level elevation is also below the elevation of the accounting surface is localized around wells 19 and 20. Water-level elevations in this area are more than 2 ft below the elevation of the accounting surface whereas elevations in surrounding wells are slightly above the accounting-surface elevation of about 327 ft. The area where the elevation of the water level may be above or below the elevation of the accounting surface (on the basis of ± 0.84 ft at the 95-percent confidence interval) generally lies within 1.5 mi of the river and between the accounting-surface elevations of 324 and 328 ft, with localized areas to the northeast. The boundary defining this area will change over time as additional information becomes available. Overall, in the Vidal area, relative differences between the elevation of the water level and the elevation of the accounting surface decrease from west to east (toward the river) and from north to south (along the river).
The TIN Contour and Natural Neighbor tools appear to reasonably portray areas where water-level elevations are above, below, and near (within ± 0.84 ft) the accounting surface, except in areas where well data are sparse, and adequately delineate areas where anomalies in the surface exist, such as in the vicinity of wells 19 and 20, and around well 14 (figs. 3 and 4). Boundaries between areas where waterlevel elevations may be above or below the elevation of the accounting surface (on the basis of ± 0.84 ft at the 95-percent confidence interval) and areas that are above (greater than 0.84 ft) and below (less than -0.84 ft) the accounting surface also appear to be reasonable, although contours delineated by Natural Neighbor are considerably smoother than those delineated by TIN Contour.
The default power option of 2 in the IDW tool was used to delineate areas where water-level elevations are above, below, and near the accounting surface and is shown in figure 5 . In general, these areas are reasonably portrayed, although the area near (within ± 0.84 ft) the accounting surface is substantially larger than that delineated by either the TIN Contour or Natural Neighbor tool, and the area below the accounting surface in the vicinity of wells 27 to 32 is noticeably different.
The default weight option of 0.1 in the Spline tool was used to delineate areas above, below, and near the accounting surface as shown in figure 6. In general, the area near (within ± 0.84 ft) the accounting surface is considerably reduced in size from that delineated by the IDW tool and relations between the surfaces between about the 322 and 328-ft accounting-surface contours are substantially different. Anomalous areas around well 14 and wells 19 and 20 appear to be accurately represented. Although boundaries between all three areas are smooth, anomalies (inliers) within the area near (within ± 0.84 ft) the accounting surface are shown where well control is not available, such as that in the vicinity of well 15 ( fig. 6 ). Figure 4. Areas interpolated above, below, and near the accounting surface in the Vidal area of California by using the Natural Neighbor tool. Representations of areas above, below, and near (within ± 0.84 ft) the accounting surface in the Vidal area are substantially different among the Natural Neighbor, IDW, and Spline tools, and result largely from the fundamentally different mathematical approaches used by each of these tools. Variations in the representations of these surfaces by these tools also are likely influenced by the limited number of wells (interpolation points) in comparison to the size of the area, the spatial distribution of the wells, and the location of wells with anomalous water-level elevations. Although all of the tools portray an area along the Colorado River where waterlevel elevations may be above or below (within ± 0.84 ft) the accounting surface, as might be expected, well control is sparse or nonexistent. Qualitatively, the Natural Neighbor tool appears to provide the best representation of the difference between the water-level elevation and the accounting surface in the Vidal area.
Chemehuevi Area
Well Selection and Water-Level Measurements
Data for 39 wells in the Chemehuevi study area were compiled from the NWIS database, of which 6 wells did not have a measured static water level because of well obstructions, well status such as pumping, or because a measurement was not possible (landowner restriction, well had been destroyed, etc.). Water-level measurements in the remaining 33 wells were further evaluated on the basis of the date of the measurement and land-surface elevation accuracy. Most of the water levels in the data set were measured in 1996 and 2000-01, with the oldest but most recent measurements for two wells made in 1962. The number of measurements taken in each well ranged from one to four. Water levels in all wells were measured with calibrated steel or electrical tapes that are accurate to within tenths or hundredths of a foot. Waterlevel measurements that were reported only to within 1-ft accuracy were not used. Water-level measurements that were determined to be substantially influenced by the effects of pumping of the well or a nearby well were not used. Wells that were reported to be pumped recently however, were evaluated on a well by well basis. As a result, 16 wells with water levels that were measured in 1996 and 2000-01 were selected for analysis.
Calculated water-level elevations and interpolated accounting-surface elevations were determined for the 16 selected wells completed in the river aquifer north of Chemehuevi Wash (table 2; at back of report). Water levels were measured in 11 wells between November 2000 and March 2001; however, because of the scarcity of wells in the area and the absence of recent water-level data, older waterlevel data were used to help understand relations between the elevation surfaces. Therefore, water-level elevations in the remaining five wells were based on measurements taken in 1996. These water levels were observed to be consistent with elevation differences determined for nearby wells measured during 2000-01. Variations as large as 7 ft were noted for wells in which multiple measurements (at least three) had been taken, but variations for most wells generally were within about 2 ft over intervals of at least 10 years. Some fluctuations in water level may be the result of measurements being made shortly after pumping of the well or possibly from effects of pumping of nearby wells, and thus, may not represent static water-level conditions.
Delineation of Areas
When the 95-percent confidence interval (± 0.84 ft) is taken into account, relative differences between water-level elevations and the accounting surface for the selected wells show distinct areas where the elevation of the water level is below the elevation of the accounting surface and where the elevation of the water level may be above or below (within ± 0.84 ft) the elevation of the accounting surface. Areas where the elevation of the water level is above the elevation of the accounting surface appear to be localized. Because the accounting surface is presumed to be level in the vicinity of Lake Havasu, only one value, 449.6 ft, was used to represent the elevation of the accounting surface throughout the area ( fig. 7) . On the basis of the availability and distribution of wells within the river aquifer, these generalized areas were delineated between Chemehuevi Wash and the northern boundary of the river aquifer by using TIN Contour, Natural Neighbor, IDW, and Spline techniques (figs. 7-10).
The area where the water-level elevation is above the elevation of the accounting surface is based only on two wells that are located in the southern part of the study area, just north of Chemehuevi Wash. The difference in elevation between the water level in well 3 and the accounting surface is 8.7 ft; this relation between the surfaces probably extends to the west where land-surface elevation is higher. An area where the water-level elevation also is above the accounting surface appears to be localized around well 4 just west of Lake Havasu. Calculated elevation differences for wells in the vicinity of well 4 however, are substantially below the elevation of the accounting surface. No apparent reason could be found for this anomalous difference using the available data. The area where the water-level elevation is below the elevation of the accounting surface is in the southeastern part of the study area just north of Chemehuevi Wash and adjacent to Lake Havasu, and also in the northern part of the area ( fig. 7) . Well 7 may also represent an area where the water level is substantially below the accounting surface. Differences in elevation range from about -1.0 to -3.7 ft in well 2; however, the large difference associated with this well may be attributed to its close proximity to the lake where water levels may be influenced by lake fluctuations. The area where the elevation of the water level may be above or below the elevation of the accounting surface (on the basis of ± 0.84 ft at the 95-percent confidence interval) is located primarily in the northern part of the study area and along the western margin of the delineated area, on the basis of available well data. The boundary defining this area will change or shift over time as water levels fluctuate. Overall, in the Chemehuevi study area, the elevation of the water level in most wells is below or near (within ± 0.84 ft) the elevation of the accounting surface.
The TIN Contour and Natural Neighbor tools appear to accurately portray areas where water-level elevations are above, below, and near (within ± 0.84 ft) the accounting surface, and delineate areas where anomalies in the surface exist, such as around well 4 (figs. 7 and 8). Boundaries between areas where the elevation of the water level may be above or below the elevation of the accounting surface (on the basis of ± 0.84 ft at the 95-percent confidence interval) and areas that are above (greater than 0.84 ft) and below (less than -0.84 ft) the accounting surface also appear to be reasonably defined, on the basis of the distribution of wells in this area. However, well data are insufficient in a large part of the area to accurately portray relations between these surfaces. Contours delineated by the Natural Neighbor tool are considerably smoother than those delineated by TIN Contour.
The IDW tool using the default power option of 2 is represented in figure 9 . The area that may be above or below (within ± 0.84 ft) the accounting surface is portrayed as larger than that delineated by the TIN Contour or Natural Neighbor tools, with a consequent decrease in size of the area where water-level elevations are below (less than -0.84 ft) the accounting surface, especially in the vicinity of well 7. However, well data are insufficient to accurately portray relations between the surfaces in much of the area. The IDW tool delineates the anomalous area around well 4, but the area around well 15, with a water-level elevation below the accounting surface, is not well defined.
Boundaries delineated by the Spline tool using the default weight option (0.1) ( fig. 10 ) are substantially different from those delineated by using the IDW, TIN, and Natural Neighbor tools, with a larger component of the area represented as where the water-level elevation is below (less than -0.84 ft) the accounting surface, with a consequent reduction in size of the area near (within ± 0.84 ft) the accounting surface. This substantial difference appears to be influenced by well 7, where the water-level elevation is 2.4 ft below the accounting surface. The Spline tool accurately delineates the anomalous area around well 4 and around wells in the northern part of the area where water-level elevations are below the accounting surface, but generates inliers (closed contours) in areas for which no well data are available.
Areas above, below, and near (within ± 0.84 ft) the accounting surface in the Chemehuevi area are represented differently among the TIN Contour, Natural Neighbor, IDW, and Spline tools. Although all of the tools portray a sizeable area where water-level elevations may be above or below (within ± 0.84 ft) the accounting surface, well control is sparse or nonexistent. Variations in the representations by each of these tools result in large part, from the fundamentally different mathematical approaches used by these tools. The relatively small number of wells (interpolation points) in comparison to the size of the area, the spatial distribution of the wells (most wells located in the northern and southern parts of the area), and the location of wells with anomalous water-level elevations also influence relations between the contoured surfaces. On the basis of the very limited data set, the Natural Neighbor tool appears to provide the best qualitative representation of the difference between the waterlevel elevation and the accounting surface in the Chemehuevi area.
Mohave Mesa Area
Well Selection and Water-Level Measurements
Data for 79 wells in the Mohave Mesa area were compiled from the NWIS database, of which 28 wells completed in the river aquifer did not have a measured static water level or else had a measured water level that was not static because of well obstructions or pumping effects. Four wells had anomalous water-level elevations that were substantially above or below calculated values for surrounding wells. Water-level measurements in the remaining 47 wells were further evaluated on the basis of the date of the measurement and land-surface elevation accuracy. In the Mohave Mesa area, the most recent water-level measurements were made in 2006 in 30 of the wells. All of the water-level measurements in the vicinity of Bullhead City were made in 1998. A few additional measurements were made in 1999, 2002, 2003, and 2005 . Land-surface elevation accuracies for six wells ranged from 5 to 20 ft (one-half the topographic map contour interval) and were not used for determining waterlevel elevations. Water levels for an additional six wells were reported only to an accuracy of 1 ft and were not used. Water levels in the remaining 35 wells were measured by using calibrated steel or electrical tapes that are accurate to within tenths or hundredths of a foot.
Calculated water-level elevations and interpolated accounting-surface elevations were determined for the 35 selected wells completed in the river aquifer in the Mohave Mesa area (table 3; at back of report). Most of the water levels selected for analysis were measured in 2006 and in many instances, were the only values available. However, in some areas where recent water-level data are not available, such as in the vicinity of Bullhead City, older water-level data were used to help understand relations between the elevation surfaces. These data were observed to be consistent with measurements determined for nearby wells measured in 2006, or to be consistent with measurements taken in other wells in the area at the same time.
Water-level variations observed in some wells are likely the result of measurements being made during or shortly after pumping of the well or pumping effects from nearby wells, and thus, do not represent static water-level conditions. The significance of these effects on a well-by-well basis was used in evaluating whether a well was selected for analysis. Geological Survey, unpub. data, 2006) . Because these values do not represent static water-level conditions, they were not used in the analysis.
Delineation of Areas
When the 95-percent confidence interval (± 0.84 ft) is taken into account, relative differences between water-level elevations and the accounting surface for the selected wells show that in virtually all of the study area, the elevation of the water level is below the elevation of the accounting surface. A small area is located near highway 153 where the elevation of the water level may be above or below (within ± 0.84 ft) the elevation of the accounting surface. Areas where the elevation of the water level is above the elevation of the accounting surface may not be present in the Mohave Mesa area. On the basis of the availability and distribution of wells within the river aquifer, these generalized areas were delineated between the accounting-surface elevations of 470 and 502 ft by using TIN Contour, Natural Neighbor, IDW, and Spline techniques (figs. 11-14) .
In virtually all of the Mohave Mesa study area, the water-level elevation is below the elevation of the accounting surface. This includes the area near Bullhead City between the accounting-surface elevations of 488 and 502 ft and all wells between the accounting-surface elevations of 472 and 478 ft, which generally are within a short distance of the river. Water-level elevations for selected wells between the contour intervals of 470 and 472 ft and more than 5 mi east of the river also are below the accounting surface. Differences in elevation between water levels in wells and the accounting surface range from about -2.0 to -11.3 ft, with most values exceeding -7.0 ft. However, water levels in a number of wells were reported to have been measured after the well had been recently pumped and therefore, may not represent static water-level conditions. Effects from nearby pumping wells may also result in differences between water-level elevations and the accounting surface that are considerably lower (more negative) than would exist under normal static conditions. The magnitude of the difference between elevations in this area indicates that water-level elevations in many wells may still be below the accounting surface when pumping effects are neglected.
An area where the elevation of the water level may be above or below the elevation of the accounting surface (on the basis of ± 0.84 ft at the 95-percent confidence interval) occurs between the 470-and 472-ft accounting-surface contours in the southern part of Mohave Mesa ( fig. 11 ). This localized area is represented by wells 4 and 5, which have differences in elevation of -0.2 and -0.4 ft, respectively. An area where the elevation of the water level is above the elevation of the accounting surface may be present immediately to the north of these wells. A reported water-level measurement (1-ft accuracy) made in 1999 in one well in this area (not shown) results in a difference in elevation of about 6.0 ft, substantially higher than the 472-ft accounting-surface contour. The close proximity of wells in this area, and hence, potential interference between wells during pumping, may explain the range in variability (-0.1 to -7.9 ft) of differences between water-level and accounting-surface elevations.
The TIN Contour and Natural Neighbor tools accurately delineate the small area where water-level elevations may be above or below (within ± 0.84 ft) the elevation of the accounting surface and also delineate a narrow area along the Colorado River west of Bullhead City (figs. 11 and 12). Power option 2 (default) in the IDW tool shows a considerably larger (wider) area along the Colorado River where the water-level elevation may be above or below the elevation of the accounting surface ( fig. 13 ). This delineated area along the river likely results from the interpolation between the boundary of the river aquifer along the edge of the river (where the elevation of the river and the elevation of the water table in the river aquifer are assumed to be equal) and the considerably lower (more negative) water-level elevations in wells east of the river. However, no well data exist in this area to substantiate whether water-level elevations are near (within ± 0.84 ft) the accounting surface. 
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Boun dary of river aquif er Areas delineated along the river where the water-level elevation may be above or below (within ± 0.84 ft) the accounting surface by using the default weight option (0.1) in the Spline tool are similar to those delineated by the IDW tool ( fig. 14) . The Spline tool also delineates the area between the 470-and 472-ft accounting-surface contours where the water-level elevation may be above or below the accounting surface. However, several other areas on Mohave Mesa, such as between the 474-and 476-ft and 482-and 484-ft accounting-surface contours, are delineated by the Spline tool as where the water-level elevation may be above (greater than 0.84 ft) the accounting surface, but for which no well data exist ( fig. 14) .
The observed patterns resulting from the application of the TIN Contour, Natural Neighbor, IDW, and Spline tools to delineate areas below the accounting surface in the Mohave Mesa area result largely from the fundamentally different mathematical approaches used by these tools. The spatial distribution of the wells, particularly the lack of well control in the area between the 478-and 488-ft accountingsurface contours, and the considerable range in difference in elevations between the water-level and accounting surfaces, also may contribute to the observed anomalies and variation in contouring among the interpolation tools. Qualitatively, the Natural Neighbor tool appears to provide the best representation of the difference between the water-level elevation and the accounting surface in the Mohave Mesa area.
Summary and Conclusions
The U.S. Geological Survey, in cooperation with the Bureau of Reclamation, began this study to determine if wells located within the Colorado River aquifer outside the flood plain are pumping water that will be replaced by water from the Colorado River. Water pumped from wells along the flood plain of the river is presumed to be river water and is accounted for as Colorado River water. Water pumped from wells outside the flood plain of the river may or may not be accounted for as Colorado River water. Relations between the elevation of the static water level in wells and the elevation of the accounting surface within the Colorado River aquifer were used to determine which wells outside the flood plain of the river will yield water that will be replaced by water from the Colorado River. Wells that have a static water-level elevation equal to or below the elevation of the accounting surface are presumed to yield water that will be replaced by water from the Colorado River.
Calculated water-level elevations and interpolated accounting-surface elevations were determined for 33 wells completed in the river aquifer in the vicinity of Vidal, California, 16 wells on and adjacent to the Chemehuevi Indian Reservation, California, and 35 wells on Mohave Mesa, Arizona. Well data were obtained from the U.S. Geological Survey NWIS database. Water-level measurements generally were taken during the last 10 years with steel and electrical tapes accurate to within tenths or hundredths of a foot. A Differential Global Positioning System (DGPS) was used to determine land-surface elevations to within an operational accuracy of ± 0.43 ft, resulting in calculated water-level elevations having a 95-percent confidence interval of ± 0.84 ft. Thus, wells with a difference between the water-level elevation and accounting-surface elevation of greater than ± 0.84 ft have water levels that are either above or below the accounting surface, and wells with a difference of less than ± 0.84 ft have water levels that cannot be determined with at least 95-percent confidence, to be either above or below the accounting surface. ArcGIS Triangulated Irregular Network (TIN) Contour, Natural Neighbor, Inverse Distance Weighted (IDW), and Spline interpolation tools were used to create contours of the difference between the water-level and accounting-surface elevations. The contours delineate areas where water-level elevations are above, below, and near (within ± 0.84 ft at the 95-percent confidence interval) the elevation of the accounting surface, on the basis of available well data.
In the Vidal area, differences in elevation range from 1.4 to 17.6 ft above the accounting surface and range from -0.9 to -2.7 ft below the accounting surface. Relative differences between water-level elevations and the elevation of the accounting surface decrease from west to east (toward the river) and from north to south (along the river). In the Chemehuevi area just north of Chemehuevi Wash, differences in elevation in the area where the water-level elevation is below the elevation of the accounting surface range from about -1.0 to -3.7 ft. In the vicinity of Lake Havasu, the accounting surface is established at 449.6 ft. In most of the Mohave Mesa study area, the water-level elevation is below the elevation of the accounting surface. Differences in elevation between water levels and the accounting surface range from about -2.0 to -11.3 ft, with most values exceeding -7.0 ft.
The TIN Contour and Natural Neighbor tools reasonably represent areas where the elevation of water levels in wells is above, below, and near (within ± 0.84 ft) the elevation of the accounting surface in the Vidal and Chemehuevi study areas and accurately delineate areas around outlying wells and where anomalous differences between water-level and accounting-surface elevations exist. Using the default options in ArcGIS, the IDW and Spline tools also reasonably represent areas above, below, and near the accounting surface in the Vidal and Chemehuevi areas. However, spatial extent of and boundaries between areas above, below, and near the accounting surface vary substantially between the IDW and Spline tools and those delineated by the TIN Contour and Natural Neighbor tools. Variations in the representations by the TIN Contour, Natural Neighbor, IDW, and Spline tools result largely from the fundamentally different mathematical approaches used by each of these tools. The limited number of wells selected for analysis, and hence interpolation points, in comparison to the size of the areas, the spatial distribution of the wells, and the locations and relative differences in elevation between water levels and the accounting surface of wells with anomalous water levels also influence the contouring variations observed among the methods.
Qualitatively, the Natural Neighbor tool appears to provide the best representation of the difference between water-level and accounting-surface elevations in the study areas when compared with the TIN Contour, IDW, and Spline tools in ArcGIS. Additional work to determine quantitatively which tool provides the best representation could be done and should include other tools available in ArcGIS as well as interpolation methods not available in ArcGIS. Semivariograms or sensitivity analysis on residuals also could be done for each of the study areas using geostatistical methods such as kriging. 
